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The effectiveness of organic polymers in the treatment of two types of
industrial wastecwaters has been investigated. The experimental study con-
gsisted of initially performing batch jar tests followed by continuous fil-
tration runs with the wastewater-, using the results obtained in the jar tests. .
Six polymers were used in the experiments to determine optlmum type and dosage i
required for effective turbidity removal. Cationic and non-ionic polymers
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‘ proved tu be the most effective in coagulation by the predominant mechar.isms
! ~of charge neutralization and interparticle bridging, respectively. Bentonite

“and . lime werc also used quite effectively as cougulant aids in conjunction o
with the vaprious polymers. '

¢

Two mcthods of feeding the palymer to the fllter were used: 1 - Con-
ventional addition of polymer to the wastewdler in a batch unit for coapula-
tion fellowed by flltration of supernatant, and 2 -Divect addition of polymer
to the filter., The latter process, known as contact codrulation-filtration,
’ was not successiul in the treatment of the wastewater because of its high

1 turbidity. A thick layer of cake at the surface (Formed Ly the larpe flogs )
3 following coagulation) caused an excessive head logs with an early termina- R
é‘ tion of the flltration operation.
[N
E' ) The best method selected for the treatmont of vastewater consisted of
E' ' * the additicn of 100 mg/l Cat Floc cationle polymar and 100 mp/l of powdered
4 bentonite clay to the wastewater in o batch unit and after sedimentation,
3 filtration of the supernatant at a flow rate of N'gpm/ sq ft. This treatment
3 yiclded a hipgh yuality filtrate with a 99.8% rcduction in turbidity.
'
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The filtration runs wera continued for 3 hours during which periodic
samples were taken from the effluent and analyzed for turbidity, net charge,
{ total organic cavkbon (TCC) and pH. The effect of filtration rate on effluent

Canoryi b

quality was alco Investipated, but It was ceen that a change in the rale of
£ flow only affected the head loss pattern of the filter.
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ABSTRACT

The effectiveness of organic polymers in the treat-
ment of two types of industrial wastewaters has been investi-
gated, The experimental study consisted of initially perfor-
ming batch jar tests followed by eontiﬁuoua filtration runs
with the wastewater, using the results obtained in the jar
tests. Six polymers were used in the experiments to determine
optimum type and dosage required for effective turbidity re-
moval, Cationic and non-icnic polymers proved to be the most
effective in coagulation by the predominant mechanisms of
charge neutralization and interparticle bridging, respectively.
Bentonite and lime were also used quite effectively as coagu-
lant aids in conjunction with the various polymers.

Two methods of feeding the polymer to the filter
were used: 1- Conventional addition of polymer to the waste-
water in a batch unit for coagulation followed by filtration
of supernatant, and 2- Direct addition of polymer to the fil-
ter. The latter vnrocess, known as contact coagulation-filtra-
tion, was not successful in the treatment of the wastewater
because of its high turbidity. A cthick layer of cake at the
surface (formed by the large flocs following coagulation)
caused an cxcessive head loss with an early termination of
the filtration operation.

The best method .telected for the treatment of waste-

water consisted of the addition of 100 mg/l Cat Floc cationic
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polymer and 100 mg/l of powderad bentonite clay to *‘he waste-
water in a batch wiit and after sedimentation, iiltsation of
the supernatant at a flow rate of 4 gpm/ sq ft. This treatment
yielded a high quality filtrate with a 99.8% reduction in tur-
bidity.

The filtration runs were continved for 3 hours du-
ring which periodic samples were taken from the effluent and
analyzed for turbidity, net charge, tctal organic carbon (TOC)
and pH., The effect of filtration rate on effluent quality was
also investigated, but it was seen that a change ir the rate

of flow only affected the head loss pattern of the filter.
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PART 1
INTRODUCTION

A fundamental requirement common to mogt industrial
waste treatment processes is solids-liquid separation. The ob-
Jective is to remove the suspended solidé from the wastewater
prior to its discharge or re-use wichin the plant. Most waste
systems contain both colloidal and gross (larger than;colloidal
size) suspended solids in varying proportions. The solids lar-
ger than colloidal size have a settling velocity usually suffi-
cient to assure ultimate settling and can be removed by a con-
ventional sedimentation operation. Those solids in the colloidal
size range (1-100 millimicrons) have an enormous surface-to-
volume ratio. Their behavior in the waste system is therefore
determined largely by the nature of their surface properties
and can remain in suspénsion inﬁefinitely making their removal
quite difficult.,

The most important property of colloid particles is
their electrical charge. The magnitude of the charge may vary
and depends on the natufé of the colloidal material. Many col-
loidal dispersions are dependent upon the electrical charge
for their stability. Similarly charged colloidal particles re-
pel, thus enabling them to stay apart to prevent agglomeration
into larger particles. The electrokinetic properties of colloids
are of great importance in sanitary engineering, as the appli-

cation of these properties is very important in the destruction
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of many forms of colloids. When a charged colloid particle

is immersed in solution, icns of opposite charge arrange
themselves in a layer around the purticle. Berause of the
attraction of these counter-ions to the surface, a concen-
tration gradient is established and diffusion of counter ions
takes place between the surface of the particle and the bulk
of the solution. The two competing forces, electrostatic
attraction and diffusion, distribute the charge over a second
diffuse layer. The boundary surface between the fixed ion
layer and the solution serves as a shear plane when the par-
ticle undergoes movement relative to the solution. The stabi-
lity of the colleoid is generally a function of the zeta poten-
tial, iy, which is defined as the magnitude of charge at the
surface of the shear plane.

Presently, electrophoretic mobility studies are
being used to determine the charge characteristics of colloi-
dal particles., In this method, the zeta potential is calcu-
lated from the migration velocity of the colloidal particles
determined by a special instrument. The zeta potential is
defined by the equation,
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where n solvent viscosity
V = measured velocity of the charged particle
D = dielectric constant

E = electric field strength
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Many types of colloidal particles can be found in naturally
turbid waters and the migration speea of a significant frac-
tion of these particles cannot be measured easily. In this
sense, accurate electrophoretic mobility measurements are
difficult to carry out. In this research, the application of
the colloid titration technique is use¢d1 to determine colloidal
charge. This method yields data similar to the electrophoretic
mobility measursments. The method is simple and easy to carry
out without the need for speclalized equipment and can be used
as an alternative to electrophoretic mobility measurements. A
more (.tailed discussion of the method iz presented in Part 4
of this report.

It is obvious that the magnitude of the charge on a
colloidal particle plays the most important role in its stabi-
lity. The object of coagulation then is to reduce the charge
and éestabilize the system to provide particle agglomeration.
Coagulation of colloids can be carried out in a number of ways.
The most common are the addition of potential determining ions,
the addition of chemicals that form hydrolyzed metal ions and
the addition of long-chained organic molecules (polymers) to
the colloid system. The common objective of these methods is
to destabilize the system in a way to promote the coagulation
and flocculation of colloid particles.

The use of polyelectrolytes for destabilization of
colloidal suspensions is perhaps the most significant recent

develcpment in water treatment technology. Their use has
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become increasingly important because hoth ladoratory and
plant work have demonstrated the!r effectiveness when used

in low concentrations. Polymers may be natural or synthetic.
{mportant natural polymers are of biological origin and are
derived from gtarch products and cellulose derivatives. The
other class consists of synthetic, long-chained high molecu-
lar weight organic substances. Depending on whether their
charge when placed in weter is negative, positive, or neutral,
these polymers are classified es anionic, cationic, or non=-
ionic, respectively.

Polyelectrolytes are being used in two main cate-
gories in filtration operations. In the first category, poly-
electrolytes are applled as primery ccagulants neutralizing
the charge of the particles to promotle coagulation. During
the flocculation stage, the organic polymers also act to
bridge the particles and aggregates togetlher to form much

‘larger flocs which can easily be removed by sedimentation and
filtration. The action of polyelectrolytes‘are similar to the
hydrolyzing inorganic coagulants. However, due to the very
long polymer lengths and the number of charged sites along
the polymer chains, the organic polymers are much more effec-
tive both for neutralizing particle charges and for bridging
than the inorganic alum and iron salts. Another advantage of
using organic polymers in the conventional clarification pro-
cess is the considerable reduction in both the weight and the

volume of the settled sludge. Non-ionic and anionic polymers
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do not neutralize particle charges themselves since in most

wastewater nystems the suspended colloid particles are nega-

tively charged, but improve the bridging action of the primary

coagulation. Since non-ionic and anionic polymers have much

larger molecules and lon~zr chaln lengths than either inorganic

or organic cationic polymers, they are the most effective

bridgers or flocculators. Moreover, when the suspended particles

are very concentrated or large in size, the particle charge
becomes much less important so that a non-ionic or anionic
polymer may cause coagulation without neutralizing particle
charges. This phenomecnon is encountered more frequently ia
waste treatment than in water treuiment.

In the second category, polyelectrolytes are being
used as filter alids in wastewater treatment. In this process,
called contact coagulation-filtration, the wastewater is
pumpéd directly to the filters and the polymer is introduced
prior to entering the filter. This process has gained popu-
larity recently to clarify low turbidity waters since it has
the advantage of omitting the sedimentation and flocculation
units. The organic polymers as filter aids provide tougher
floecs which resist shear, resulting in better turbidity re-
moval and longer filter runs even at high rates of flow. In
some cases the filter media can be "preconditioned" with an
organic polymer so that removal of turbidity, algae and bac-
teria can be obtained for a considerable length of time even

though no polymer is added to the water during filtration.
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The use of polyelectrolytes ss filter alds has been
made possible with the design of the dual or multi-media fil-
ters which provide deeper penetration of the floc into the bed
without causing excessive head loss. When a filter composed
of a single type of granular medium ir used, during backwashing
the medium will grade hydraulically, with the finest particles
rigsing to the top of the bed. As a result, most of the material
will be removed very near the surface of the bed. Only a small
fraction of the total voids in the ted have been used to store
particulates and the head loss increases very rapidly at high
filter rates or high solids loadings. 1t is very typical for
75-90% of thu head loss to occur in tha upper inch of recpid
sand beds. It can be seen that the limitations of the single
media rapid sand filter result from its behavior as a surface
filtration devica. In oxder tec increase the effictive filter
depth, dual media (a layer of coarse coal above a layer of
fine sand) is being usaed. In this way, the storage capacity
and the efriciency of vremoval with depth of the filter is in-
creased, This also makes it possible for higher rates than the
once conventional maximum rate of 2 gpm/sq ft to be used, but
the selection of lhe filter rate depends on the characteristics
of the raw water and the type of pretreatment.

The ohjectives of this research were to investigate
several treatment mcthods and their effectiveness on two spe-
cific wastewaters: 1- synthetic wastewater and 2- actual waste-
water (cellulose nitrate) in the presence of organic polyelec-

trolytes. The objective was to select the best type of treatment
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for the wastewater. The following factors were investigated

throughout the researchi

i
%
E
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1- The type of polymer (cationic, anionic, non=ionic)
? that provided efficient turbidity removal for a
‘ given wastewater,
é 2- The cptimum dosage of polymer to be used in the ;
7 treatment. i
é - 3- The point of addition of polymer to the treatment
- gystem as follows:t :

a- Conventional process- Addi .on of polymer,

then coagulation, flocculation, sedimentation é

E» in a batch unit, followed by filtration of
” supernatant. 1
b- Direct addition to the filter, ]

4- Effects of filtration rate on the removal efficiency

of the systeum.

5- The use of possible cnagulant aids such as bentonite

clay or lime in conjunetion with the various polymers. j
6- Effects of treating colloidal wastewater by powdered
carbon udsorption and by high-lime preecipitation

with and without polymers.
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To achieve these objectives, batch jar tests and con-

tinuous filtratien runs were carried out in the lahoratory under

varyine controlled operating conditions. The system efficiency é
was evaluated by carrying out analyses to determine various

physical and chemical variables.

:
:
4




PART 2
THEORETICAL CONSIDERATIONS

2.1 Bagic Concepta of Colleld Chamistry

A colloideal sysiem is a two-phase system in which
one of the phases is dispersed in the other in the form of
firely divided particles or droplets. Various types of dis-
perse systems are known depending on whether the physical
rature of the two phases are solid, liquid, or gascous. Colloid
particles normally range in gize from 1 to 100 millimicrons
and are not visidble even with the ald of an ordinary high-
powered mlicroscope. Because colloidal particles are so smull,
their surface area in relation to mass is very great, As a

~8ult of this large area, curface phenomena predominate and
control the dbehavior of colloidal suspencions.

There are tvwo general types of colloidal solid par-
ticle dispersions in liquids. When wiater is the solvent, these
are called the hydrophobic or "water-hating" and the hydrophilic
or "water-loving" colloids. In terms of stability, colleidal
systems are again divided into two groups. Thermodynamically
stable colloidal systems have been named reversible; thermo-
dynamically unstable collids are termed irreversidle (33).
Examplies of reversible colloids include scap and detergent
micelles, proteins, and starches; examples of irreversible
systems include clays, metal oxides and microorganisms. In
water and wastewater treatment, coagulation is concerned pri-

marily with the aggregation of thermodynamically unstable
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(irreversidle) collolda.

All colloidul p&rticlcn are electrically charged.
The cherge varies consideradbly in i{ts magnitude with the
nature of the colloidal material and may be positive or ne-
gative. The sign and magnitude of the primary charge is also
affected dy pH and ionic content of the aqeous phase. Surface
charge develcps mostly through preferential adsorption and
ionigation dut regardless of how it is developed, thin stadbi-
lity must be overcome .f these particles are to be aggregated
into larger particles with enough mass tc settle easily.

Colloidal particles are bomharded by molecules of
the dispersion medium, and because of their small mass, they
move in a random manner under the impact of the bembardment.
This is known as Brownian movement.

Because collioidal particles have dimentions greater
than the average wavelength ol white light, they interferec
with the passage of light. As a result, a beam of light
passing through a colloidal suspension is visible to an obser-
ver at right angles to the beam of light. This phenomenon is

known as the Tyndall effect,

2.2 Congulation Theory

In the field of colloid scien::, two different
theorics have been presented (29) to explain the basic mecha-
nisms involved in the stability of colloid systems. The first

theory is the chemical theory which assumes that colloids are




T TP T YT T ST

e 3 e ————————————enie | re s w4

10

aggregates of definite chemical structural units and emphasitzes
specific chemical interactions between the coagulant and the
col)loids., According to this theory, the coagulation of colloids
is the result of a precipitation of insoluble complexes that

are formed by specific chemical interactions., The second theory-

the physical or double-layer theory~ emphaslzes the importance
of the electrical doudble layers surrounding the colloidal par-
ticles in the solutions and the effecta of counter-ion adsorp-
tion and reta-potential reduction in the destabilization of
colloidn) systems. Thls theory has replaced the older chemical
theory and is presented in more detail below. A very recent
chemical vridging model has nlso he=n proposed as a mechanism
in coagulation in the presence of organic polyclectrolytes,

This model will Le discussed in Section 2.3,

2.2.1 Electrical Double=~Tayer Theory

The stability of hydrophobic colloids depends on the
electricnl charge of the particles. Since a colloidal disper-
sion (the solid and aqeous phases together) does not have a
net electrical charge, the primary charge on the particles must
be counterbalanced in the aqeous phase. This can be described
with the nid of Figure 2.1 (34,17).

When a particle is immersed in ageous solution, it
can develop a surface charge by adsorbing ions denoted as po-
tential determining ions on to its surface. As a result of this
surface charge, ions of the opposite charge will be attached

to the surface while those of the same sign will be repelled.
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Figure 2.1

Electrical Double-Layer of a Colloid Particle
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These are known as counter lons and are held there through
electrostatic and van der Waals forces. This layer is known
as the Stern. layer and is of the order of hundreds of angs-
troms thick which depends on the ionic strength of the solu-
tion. The thickness of this layer is such that it contains a
sufficient number of counter ions to neutralize the surface
charge to preserve electrical neutrality.

Due to the attraction of counter-ions to the sur-
face of the particle, a concentration gradient is formed and
there is a diffusion of ions from the surface of the particle
toward the bulk of the solution where their concentration is
lower. These two competing forces (diffusion and electrostatic
attracticn) spread the charge over a diffuse layer, within
which the excess concentration of counter-ions is highest
ad jacent to the surfacg of the particle and decreases gradually
withiincreasing distance from the solid-liquid interface. The
overall potential drop between the surface of the particle and
the bulk of the solution is the Nernst potential. The potential
drop in that part of the diffuse layer between the plane of
shear- separating the water bound to the particle from the
free water- and the bulk of the solution is called the "Zeta

Potential".

2.2.2 Colloid Interactions

When two colloidal particles having the same sign

of charge approach each other, the poséibility of their coa-
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gﬁlation will depend on the difference in their resultant

interaction energy and kinetic energy. The interactions are

caused by the electrostatic forces which are repulsive for

EQ like charged surfaces and attractive for unlike charged sur-
faces and the London-van der Waals attraction due to the di-

pole moments of the materials. These forces operate indepen-

dently of each other so that their effects are additive. The

'.ﬁﬁ'ﬁ"mf.h TR

general form of the potential energy of the particle inter- 3

.n‘t,.i. F

action for two like charged surfaces is shown in Figure 2.2

(34,2).

i I.;"" :!' W

When two similar colloidal particles approach each

DRI AV 5 JERHEVE SOOI I P AP AN

other their diffuse layers begin to interact. This electro-
static interaction between particles of similar charge pro-
duces a fepulsive force. A repulsive potential energy, Vi,
arises which increases‘in magn;tude as the distance separating
the particles is decreésed. There are also the attractive
forces that decrease with increasing distance separating the j

particles which produces the attractive potential energy,V,.

The net interaction energy (V. + V,) can be determined by

summing the repulsive and attractive ene._ s of interaction.

A

This net repulsion can be considered as an activation energy

barrier which must be overcome for particle aggregation to

§
;
4
3
1

occur. As long as the zeta potential is great enough to pro-

e T

duce repulsive forces in excess of the van der Waals force,
the particles cannot aggregate. The objective of chemical

coagulation is to reduce the magnitude of the zeta potential
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Figure 2.2

Potential Energy of Interaction of Colloidal Particles
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so that repulsive forces hetween particles are less than the
van der Waals forces of attraction. Then coalescence of colloi-

dal particles will occur, and coagulation can be accomplished.

2.3 Degtabilization of Colloids
Particle charge reduction and &estruction of hydro-
phobic colloids may be accomplished in the following ways (27):
1- Boiling
2- Freezing
3- Addition of potential determining ions (which
will be taken up by or will react with the colloid
surface to lessen the surface charge)
4- Addition of chemicals that form hydrolyzed metal
ione
5- Addition of long-chained organic molecules(wolymers).
Boiling of a hydrophobic colloidal suspension often
results in ccagulation of the colloidal particles. This action
is not usually attributed to a reduction in the zeta potential
but rather to modification in the degree of hydration of the
particles, or sometimes to increased kinetic velocities which
increases zeta potential requirements to maintain stability.
However, boiling is considered to be too expensive for general
industrial application.
Freezing is another method for coagulation of col-
loids. During freezing, due to crystal formation of pure

water, the colleidal materials are forced into a ccncentrated
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state. In this way, the zeta potential required to maintain
stabllity increases and at the same time, the concentration
of electrolytes lncreases therefore decereasing the zeta po-
tential., Tha combined effect is the coagulation of the colloid.

The addition of potential-determining ilons will ‘
cause them to be taken ﬁp and reacted with the colloid sur-
face to lessen the surface charge. An example for this is
the .ddition of strong acids or bases to reduce the charge of
metal oxides or hydroxides to near zero, so that coagulation
can occur. The addition of electrolytes will reduce the thick—
ness of the diffuse electric layer and thereby reduce the zeta
potential.

The trivalent salts of iron and aluminum used in
coagula. "n of water act in several ways. When added to water,
these salts ionize to yield trivalent metallic ions, the amount
depénding ¢+ the pH of the water. Some of the trivalent ions
neutraliyx “he charge on the colloidal particles but the ma-
jority of the trivalent ions form colloidal metallic hydroxides
which carry a positive charge. The positive hydrolyzed metal
ions are more than sufficient to neufralize the negative charged
colloidal particles and the excess remaiiaing is neutralized
by the negative ion of the metallic salt. This is a fairly
complex process and will not be considered in detail here.

For a more complete review on the chemistry of the process,

articles by Stumm and Morgan (29) and Stumm and O'Melia (30)

are recommended.
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Within the last decade, synthetic organic polymers

have gained extensive use as destabilizing agents in the treat- .
F* ment of water and wastewater. Although the actlon of the
various polyelectrolytes is quite different, the reason for

their use is the same- to improve the removal characteristics

s

of suspended solids. The action of polyelectrolytes as applied

Lo

i O ot gt
il

to the filtration of wastewater may be dividgq into two gene-

ral categories.

e t Ll

In the first category, polyelectrolytes act as coa-
3 gulants neutralizing the charge of the wastewater particles.

Used in this application, polyelectrolytes are considered to

T T T

i be primary coagulants. In principle, once the particle charge

has been neutralized, the particles can be flocculated and

T
=

removed either by settling or filtration or flotation. When

polymers are added to the wastewater directly prior to its
entr& into the filter bed, the upper portions of the filter
bed will act as a flocculation basin. By controlling the point

of injection, the degree of bed penetration can be varied.

Interparticle bridging is the second mode of action
S of polyelectrolytes in the application to filtration. Ruehrwein

and Ward (26) were the first investigators to propose a polymer-

o el A

- bridging mechanism for the flocculation of highly concentrated

g
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clay suspensions. The bridging theory postulates that the
polymer molecules attach themselves to the surface of the sus-
pended particles at one or more adsorption site, and that part

of the chain extends out into the bulk of the solution. When

)
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iii these extended chain segments make contact wlth vacant adsorp-

-
ST NI

tion sites on other suspended particles, bridges are formed. ‘ f

The particles are bound into small packets that can grow in

N FEUITN T

size limited only by the shear gradient imposed by the degree
E of agitation.

If there is excess polymer in solution, then all
the adsorption sites on the particles can be taken up by in-

oo ot T e p

dividual molecules and interparticle bridging will be proht.
bited because stabilization of the colloid will occur due to 3

i the protective adsorbed layer of polymer. This can be under-

stood by the fact that as the concentration increases, more
of the available adsorption sites are taken. In order to pro-
mote attachment of a suspension particle to a bed particle
there must be sufficient free sites on the colloid particle :
gsurface sc that the free end of a polymer chain attached to

the éurface of the bed particle can alsoc hecome attached to

the colloid particle. Initially, increasing the polymer con-

centration promotes the bridging mechanism but when this con-
centration is too high, adsorption sites are no longer avai-
lable on either surface ol the bed or colloid particles,

Figure 2.3 shows a schematic representation of

§ the bridging model for the destabilization of colloids by ¢

polymers. At low polymer concenirations, a large portion of

the surface area of each colloidal particle remains exposed,

%[5 and a given polymer chain can be adsorbed on two or more

P-;;..‘.u.-&an-u.. Gt oase . . -
i




ey

Lk Sk AR N AT il A

L S AT A Lo

Figure 2.3
Bridging Model for the Destabilization of Colloids

by Polymers
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particles (Figure 2.3a and b)., Thus, polymer “bridges" are
formed which tend to draw the colloidal prarticlea together
sufficlently close for the van der Wanls attraction between
them to become dominant. At higher polymer concentrations,
however, each individunl colloidal particle becomes covered
with polymer chains, and the resultant coatings prevent mu-
tual approach to sufficiently small distances for coagulation
to occur (Figure 2.3c and d). In short it can be saild that
for a given system there ls o polymer concentration at which
the flocculation efficiency ls optimum., Below this concen-
tration, there is insufficient polymer to form bridges,
whareas above it the polymer chains coat the particles pro-
tectively and floec formation is inhibited,

La Mer and Healey (135) have emphesized that the
bridging mechanism i more important in forming the flocs
than electric-charse effectis, for they find that negatively
charged polyelectrolytes can be effective in flocculating
even negatively charged colloids. They also state that the
ageregcating action of anionic or non-ionic polyelectrolytes
is caused by adsorption (via ester formation or hydrogen
bonding) of hydroxyl or amide groups on the solid surfaces
with each polyrner chain forming bdbridges between more than
one particle.

The effects of polyelectrolytes as filter aids
can be seen in Figure 2.4 (4). Figure 2.4.a illuntrates the

results of a weak floc which penetrates the filter and causes

20
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Figure 2.4
Effects of Pogmers as Filtration Alds

T/

iadess o LR
| i !
o S

e

21

. X Lo
. . TR TIPS I s £ g e g i bt i S RPN PIPRE N o r
L. o a e e e g gt Sl G el Sl 0l b i L5 e 1zt Pk et e i E S WL IR P R R? 2 1 bt =i
SR b S e MR 2 o2

Y
4
b
¢
i
K
j




e~

Headloss —p

Headloss

Headloss_, = - |

o e L AT = 0N B AR

R T
]
Turbidity'—,7
‘“"::=../‘ .

: Cal
a ot

T~ . v,
- -

“ead 1055";j'

1 e
¢

: A%iPo]ymef'boséllnadequaté’f'V

__Termifial head loss

Filter run time 0 -

s ff;¥~Head'1bss v; 

Turbidity

e wm e e ey e e . o e e

B

~

- —

Filter vun time  —b

B- Po]ymer'Dose Excessive

Terminal head 1oss

Head Toss ~.

Turbidity

4
M 4

- e e e e e e e v e -

Filter run time —p

C- Optimum Polymer Dose

'
1

PR JON YL RSINUPIUIOY JE I PLOPHSWU NS N SVS V2SS 25 7 LSV RTE PRI

Filter Effluent —b

Filter Effluent —*

Filter Effiuent —»

Turbidity

Turbidity

Turbidity

il

21A

JEPEITVEtR T~ )

oot b B

2 _omtrt dm BDLEESS e At Mt




S et SIS A < il

[T

AR, VT T

—— e e B e —— b o

termination of the run due to excessive effluent turbidity.
If the polymer dose is too high, then the floc is too strong
to penetrate through the filter causing a rapidly develo-
ping head loss in the upper portion of the filter and the
filter run is stopped due to excessive head loss. The opti-
mum polymer dose will cause the terminal head loss to be
reached at the same time there is an initial increase in the
filter 2ffluent turbidity as can be seen in Figure 2:4.c.
The stabilizing and destabilizing factors influen-
cing coagulation and flocculation of colloids and the cha-
racteristics of the two particle destabilization theories
discussed in this section are shown respectively in Tables

2.1 (11) and 2.2 (17).

2.4 Mechaniems and Mathematical Models of Filtration

i

Although water filtration is among the most widely
used and extensively investigated process in the field of
sanitary engineering, a clear understanding of the mechanismsg
by which particle removal takes place is not yet available
and pilot testing has still remained necessary as a basis
for filter design.

The basic thcories in filtration can be classified
as physical and chemical. Physical filtration theories con-
sider the physical characieristics of the filter bed, its
method of operation and the suspension under treatment. These

theories deal mostly with media size, filtration rate and
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Table 2.1

Factors Influencing Coagulation _and Flocculation

Stabilizing Factors

1- Electric double layer

repulsion

2- Srort range hydration
repulsion (caused by

adsorption of solvent)

3- Protective colloids
(adsorption of a protective

layer on the particles)

Destabilizing Factors

1- Reduction of zeta potential
to a critical value where
attractive forces are

predominant

2- Bridging »f particles with
the proper flocculant
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water temperature. Theories which consider the chemical charac- _ é
[ teristics of the aqeous phase and the surface characteristics .. § }
of the suspended particles and the filter media are called % ;
chemical filtration theories. j Z
2.4.1 Phygical Filtration Theories f ]
}f The investigations of Ives (11) represent the best | 2
available in the field of water filtration theory. He begins :
é} with two equations suggested by Iwasaki (13) in 1937: é
NI 1
§§ T ﬁ (1) :
.{ % T ;e @
!
where C = volumetric concentration of material entering ; é
a unit | E
L = filter depth §
A = coefficient of probortionality (Tfilter coefficient) 2
35 t = filtration time E
: ¢ = volume of suspended material retained per unit S
§ of filter volume 3
€ = porosity of deposited material §
v = superficial filtration velocity :
Equation 1 states that the removal of suspended §
;f particles is proportional to the concentration of particles %
x: present in the water. Equation 2 is based upon a mass balance ?
Sg and states that the volume of material accumulated in the fil-

Ly ter equals the volume removed from suspension. This assumes
ii ‘ ‘
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that the density and porosity of the deposited material do
not change during the course of a filtration run, and biologic ..
and chemical reactions do not cause soluble materials to either
accunmulate in the deposits or be released from them.

The filter coefficient ( A) varies with time and
depth in the filter and is a function of the specific deposit
(9). Ives has developed a general relationship between X and
¢ based on the hypothesis that the filter coefficient is a
function of the changing specific filter surface (surface arca
per unit filter volume) available for deposition and the in-

creasing interstitial velocity. He proposed that:

A= Ao + Co - $o? (3)
(e-0)

where A, »C and ¢ are filter coefficient constants and e is
the initid filter bed vorosity. Equation 3 is an empirical
expression which describes the variation of the filter coeffi-
cient with the specific deposit.

Substitution of Equation 3 in Equation 1 yields:

C . 2

X rw-Ec (4)
Equations 2 and 4 describe the changes in filtrate quality
with depth and time. Equation 4 can only be solved incremen-
tally using a digital compu*ter, but the constants in the

equation must first be evaluated empirically which introduces




& number of difficulties. One of the difficulties is that the

specific deposit must be expressed in units of volume per unit
filter volume. However, water quality at any depth is usually ,
measured in units of mg/l or in turbidity units. The relation

- between these units and the desired specific deposit units is

;IJ difficult to obtain. %
Fox and Cleasby (6) pointi out some of the difficulties |
t’ and deficienclies of the Ives' filtration model. They state that , E
| the assumptions made in deriving the model were too general .
i {i and oversimplifying. These assumptions aret | i
i} ' 1- The suspended material is & homogeneous, discrete,

unisize flnc which is more dense than the fluid
and about two orders of magnitude smaller than the
filter pores.

2- The filter medium is granular, homogeneous and
unisize.

3- The fluid is in laminar flow. L

. 3} The Ives' filtration equation was developed using the experi-

mental results obtained in the filtration of algae. The authors i

{ state that this equation cannot be extended to a floc such as
? hydrous ferric oxide floc since it is not of uniform size and
| has low density. In general, it seems that, because so many
variables affect the removal of solids in sand filters, all of
. them cannot be included and correlated in one filtration equa- §
1!! tion.

é {! Ives has also shown that rate of head loss development
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in the filter is a function of specific deposit. The well

known Carmen-Kozeny equation for head loss through porous

media is as follows:

where hf

Nee

"

v
L l-€ s
h = £ ——— — 5
£ (3:1);) ( = )(gc) | (5)
£ =150 1€+ 1,75
N (6)

frictional head loss across bed, (ft)(lb force)/
(1b mass)

depth of bed,ft

particle shape factor, diménsionless

particle diameter,ft

hed porosity, dimensionless

superficigl velocity, ft/sec

Newton's Law conversion factor, (ft)(1lb mass)/
(1v force)(sec?) |

Reynold's Number, dimensionless

Beginning with this .quat. , Ives developed the following

expression for the rate of head loss development in the filter:

sh sh
e ) ©

where k is a head loss constant. Thus the head loss can be

approximated by the initial head loss (determined from the

Carmen-Kozeny equation) plus a constant times the specific

T SN bt e
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deposit. Ives reported that integration of thls equation through !
the full filter depth, when the filter concentration is small
(less than 5%) of the influent concentration, leads to a linear
head loss versus time curve.

In order to use the equation developed by Ives, it is
necessary to determine experimentally the set of five coefficients
(A2C8, kie ) for each filter bed, flow rate and pretreatment
condition to be used. Ives and Sholji (12) have investigated
the effects of certain physical filtration variables on the
filter coefficient and have reported that for the particulate
suspension used, the filter coefficient»is inversely propor-
tional to the filtration rate, the filter grain size and the

square of the viscosity of water.

2.4.2 Chemical Filtration Theorieg

~ In recent yeérs some investigators have directed
attention to the effects of chemical parameters on the fil-
tration process. To some extent these investigations have ﬂ é
been motivated by the inability of physical theories to ex- ;
plain observed filtration data or to predict filter perfor- ‘
mance,

0'Melia (22) and Yao (35), et al. have developed ; ;

models of filtration focusing on thé basic mechanisms in- |
volved in suspended solids removal. They state that until now
only the physical phenomena were considered in design. The

important role o